Recurrent chromosomal rearrangements are common in cancer cells and may be influenced by nonrandom positioning of recombination-prone genetic loci in the nucleus. However, the mechanism responsible for spatial proximity of specific loci is unknown. In this study, we use an 18 Mb region on 10q11.2-21 containing the RET gene and its recombination partners, the H4 and NCOA4 (ELE1) genes, as a model chromosomal region frequently involved in RET/PTC rearrangements in thyroid cancer. RET/PTC is particularly common in tumors from children exposed to ionizing radiation. Using fluorescence in situ hybridization and three-dimensional microscopy, the locations of five different loci in this region were mapped in interphase nuclei of normal human thyroid cells. We show that RET and NCOA4 are much closer to each other than expected based on their genomic separation. Modeling of chromosome folding in this region suggests the presence of chromosome coiling with coils of B8 Mb in length, which positions the RET gene close to both, the NCOA4 and H4, loci. There was no significant variation in gene proximity between adult and pediatric thyroid cells. This study provides evidence for large-scale chromosome folding of the 10q11.2-21 region that offers a structural basis for nonrandom positioning and spatial proximity of potentially recombinogenic intrachromosomal loci.
Introduction
Recurrent chromosomal rearrangements are common in cancer cells (Futreal et al., 2004) . In many cases, they are specific for each tumor type and have strong carcinogenic potential. Recently, a significant body of evidence has emerged suggesting that nonrandom interaction exists between potentially recombinogenic DNA regions in many cell types. Indeed, shorter than predicted physical distances were observed in lymphocytes between the ABL and BCR genes and between MYC, BCL and immunoglobulin loci that are frequently involved in interchromosomal rearrangements in leukemias and lymphomas (Kozubek et al., 1997; Roix et al., 2003) .
In thyroid cancer, the most common rearrangement involves the RET gene on chromosome 10q11.2 and is known as RET/PTC rearrangement (Grieco et al., 1990) . It is characteristic of papillary thyroid cancer and is particularly common in children exposed to ionizing radiation (Rabes et al., 2000; Nikiforov, 2002) . The two most frequent RET/PTC types are intrachromosomal inversions: RET/PTC1 results from the fusion of RET to the H4 gene (located on 10q21) (Grieco et al., 1990) , and RET/PTC3, from the fusion of RET to the NCOA4 (ELE1, RFG, ARA70) gene (10q11.2) Santoro et al., 1994) . The NCOA4 and H4 genes are 8 and 18 Mb telomeric from RET, respectively. Using fluorescent in situ hybridization (FISH), we previously showed that RET and H4 were much closer than expected in interphase nuclei of normal human thyroid cells (Nikiforova et al., 2000) . In 35% of cells, the two loci were juxtaposed. Proximity between another pair of genes, NTRK1 and TPR, which participate in a thyroid-specific rearrangement on chromosome 1q, has also been recently reported (Roccato et al., 2005) . Spatial contiguity is likely to predispose to the rearrangement by placing free DNA ends produced by ionizing radiation or other DNAdamaging agents close to each other within the nuclear volume. However, the structural basis for proximity between specific chromosomal regions remained unknown.
In this study, we used FISH and advanced threedimensional (3D) microscopy of interphase nuclei of normal human thyroid cells to map the locations of the partners involved in RET/PTC1 and RET/PTC3 rearrangements and of additional intermediate loci.
Our findings indicate that RET and NCOA4 are closer than expected based on their genomic separation in normal thyroid cells from both adults and children.
Moreover, spatial positioning of the loci within this region provides evidence for the helical folding of interphase chromosome, which offers a mechanism for spatial proximity between RET/PTC partners.
Results
Rearrangement partners are located near each other in interphase human cells Initial measurements focused on the distances between RET and NCOA4 and two other loci located in the vicinity (Figure 1a) . Interphase distances were determined in 3D in touch imprints of normal thyroid cells from three different adult individuals, with 1200 or more measurements totally acquired for each of three pairs of probes (RET and NCOA4, RET and 542E6, RET and D10S539) (Figure 1b) . Figure 1c shows that RET and NCOA4 were closer than expected, based on their genomic separation, in a statistically significant fraction of cells. Specifically, 11% of cells had RET and NCOA4 signals that were within 0.2 mm of each other. By contrast, the 542E6 locus, which resides between RET and NCOA4, was within 0.2 mm of RET in only 4% of cells. In addition, comparison of the distributions of distances between RET and NCOA4 and the two control probe pairs revealed a significantly higher frequency of measurements within the 0.2-0.4 mm interval and lower frequency of measurements for larger spatial intervals, that is, 1.4-1.6, 1.6-1.8, 1.8-2.0, 2.0-2.2, 2.2-2.4 and 2.4-2.6 mm, indicating that the entire distribution of RET-NCOA4 distances is shifted to the left. The mean distance between RET and NCOA4 was also significantly smaller than between RET and 542E6 and between RET and D10S539 (Table 1 ). The data in Table 1 also show that, although locus 542E6 is only 6 Mb from RET, its mean distance from RET was not significantly different from the distance between RET and locus D10S539, which are separated by 12 Mb.
Interphase distances suggest 8 Mb chromatin loops
The lack of correlation between interphase distance and linear genomic separation suggested that chromosome architecture in this region has significant spatial constraints. To test this hypothesis, we mapped interphase positions of chromosomal loci separated by 0-18 Mb on 10q11.2-21. Five main probes were used for these experiments. In addition to RET, they included 542E6, NCOA4, D10S539 and H4, with a linear separation from RET of 6, 8, 12 and 18 Mb, respectively. In all, 10 sets of 3D interphase distances, representing all possible combinations between these probes, were measured. They accounted for every 2 Mb of separation within this segment of the chromosome, with the exception of 14 and 16 Mb. To acquire data from loci separated by 16 Mb, the distance from H4 to a sixth probe, 174C24, located on 10q11.2, was measured. Finally, the distance between two differentially labeled RET probes was used to acquire control data from a single locus (0 Mb separation). The mean distances between these probe pairs are shown in Table 2 . 
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The relationship between genomic separation and interphase distance, illustrated in Figure 2a , revealed a linear correlation for loci separated by 0-4 Mb. The distance between loci located more than 4 Mb apart proportionally decreased. The shortest mean distance occurred at 8 Mb genomic separation, where NCOA4 resides, after which it increased again on a line with a slope similar to the line between 0 and 4 Mb. The second point of maximum spatial distance was for loci 12 Mb apart, after which a second decrease in distance was observed. This alternating pattern of concordance followed by discordance between the genomic separation and interphase distance was not limited to a single parameter, such as mean squared distance, but held over the entire distribution of distances between individual probe pairs ( Figure 2b ). These data suggest the presence of loops of approximately 8 Mb, which bring RET and NCOA4, as well as RET and H4, close to one another.
The locations of five loci in space suggest a helical chromatin structure of 10q11.2-21 region Distance measurements between all possible probe pairs for the five main probes allowed for the calculation of unique spatial coordinates for each locus (see Materials and methods). Relative 3D coordinates of the first four loci (RET, 542E6, NCOA4 and D10S539) were established exactly, and the fifth locus, H4, was positioned relative to first four by minimizing the squared deviations of distances implied by its positioning from the average measured distances. To model possible folding of the chromatin, two approaches were used. In one, coordinates of adjacent loci were connected with a spline proportional to the length of the genomic separation between them. The splines were then positioned to maintain smooth continuity between individual segments, as shown in Figure 3a . The resulting conformation of this 18 Mb region was that of a spiral with two full turns of the helix.
In the second approach, the two parameters (r, c) that determine the exact shape of a helix were estimated by a least-squares analysis of the pairwise distances of RET, 542E6, NCOA4 and D10S539. The position of each locus predicted by the helix was then compared to the actual calculated coordinates (Figure 3b ). The comparison showed that RET, 542E6, NCOA4 and D10S539 were located close to the predicted points, suggesting an almost perfect helical shape for this 12 Mb region. The location of H4, at 18 Mb from RET, was at a considerable distance from that predicted by the calculated helix, suggesting a deviation from regular helical conformation in this region. Both models provide evidence for a large-scale helical folding of interphase chromatin in this region with coils containing B8 Mb of DNA per turn.
Age variation had no effect on gene proximity Interloci distances for RET-NCOA4, RET-H4 and NCOA4-D10S539 were also determined in touch imprints of normal thyroid cells from three different children. These probe pairs were selected because RET Gene proximity and interphase chromosome folding M Gandhi et al and NCOA4 as well as RET and H4 are potentially recombinogenic and closer to each other, and NCOA4 and D10S539 are at the maximum spatial separation in adult thyroid cells. The distributions of 3D interphase distances between these probe pairs in adult and pediatric cases were overall similar and did not reveal a significant difference for specific distance intervals, except for the few random intervals representing large interphase distances (Figure 4) . The mean distances for all three probe pairs were also not significantly different between the age groups (Table 3 ). These data indicate that the spatial positioning of genetic loci and overall chromosomal conformation is similar in normal thyroid cells from children and adults.
Discussion
Chromosomal inversions, such as those between RET and its recombination partners on 10q11.2-21, are a predominant mechanism of oncogene activation in radiation-associated thyroid tumors (Ciampi et al., 2005) . In a previous study, we demonstrated nonrandom interaction and spatial proximity between RET and one of its rearrangement partners, H4, in interphase nuclei of normal thyroid cells (Nikiforova et al., 2000) . While these data were sufficient to establish proximity, they did not address the structural basis for it. One possibility was that proximity of RET and H4 was due to a localized juxtapositioning of these particular genes. A more probable alternative was that proximity of RET and H4 was a reflection of higher-order chromatin folding of chromosome 10. The data presented herein support the second hypothesis and demonstrate an 8 Mb periodicity in chromosome folding in this pericentromeric region. Such a conformation places the RET close in space to NCOA4 and H4, suggesting that both of the The experimentally observed coordinates are shown by grey filled circles. The observed coordinates of RET and D10S539 were identical to the predicted positions, whereas those of loci 542E6, NCOA4 and H4 had a variable degree of deviation from their predicted positions. Gene proximity and interphase chromosome folding M Gandhi et al inversions involving RET may be facilitated by chromosome folding. The modeling of chromosome conformation based on the observed spatial coordinates suggested that this region may be folded in a form of a helix, with each turn containing B8 Mb of DNA material. Although this model is based on mean probe-to-probe distances and assumes equal degree of chromatin compaction along the region, it provides a reasonable possibility for higher-order chromatin folding. Chromatin condensation has been best studied on a lower scale, providing evidence for DNA wrapping around histones to form 10-nm nucleosomal fibers, which are further packaged into 30-nm solenoid structures. Much less is known about higher-order condensation of the 30-nm fibers, although several models have been offered. It has been suggested that the next level of organization of interphase chromatin is packaging into radial loops of 50-200 kb (Belmont and Bruce, 1994; Manuelidis and Chen, 1990) . The multiloop subcompartment model suggests that 30-nm fibers are folded in B120 kb loops, eight to ten of which are organized to form a rosetteshaped domain of B1 Mb (Munkel et al., 1999) . In the random-walk/giant-loop model, interphase chromatin is arranged in loops of 4 Mb on a randomly folded backbone Yokota et al., 1995) . It is likely, however, that even higher levels of chromatin packaging exist. It has been hypothesized that interphase chromatin may possess a coiled configuration (Manuelidis, 1990) , although the experimental evidence was offered only for metaphase chromosomes, some of which had a coiled structure visualized by light and electron microscopy (Manton, 1950; Ohnuki, 1965; Rattner and Lin, 1985; Sumner, 1991) . However, even for metaphase chromosomes, this concept remains debatable since coiling is not generally visible and was demonstrated only in small proportion of chromosomes. The periodicity in chromosome folding in the 18 Mb region on chromosome 10q observed in the present study supports the possibility that higher-order interphase chromatin can be helically folded in interphase.
It is equally possible, however, that large-scale architecture of interphase chromosomes is highly variable, or it may follow an overall coiled conformation but have highly uneven levels of packing of the helices in different regions. This would be consistent with different levels of condensation of discrete chromosomal regions known, which are known to occur in interphase nuclei and reflect the variation in gene transcription activity (Manuelidis, 1990) . Some level of irregularity of the helix was actually observed within the 18 Mb segment in this study. Indeed, while the locations of loci between RET and D10S539 can be joined by a regular helix, the H4 locus, which is 6 Mb beyond D10S539, is positioned quite far from the point predicted by the regular helix. In addition, the distribution of RET-NCOA4 and RET-H4 distances is also consistent with two alternative conformations of chromatin in this region, one being an 8 Mb compact helical coil and the other being a more randomly folded structure. In this case, the excess of distances between 0-0.4 mm would correlate with the compact helical folding whereas the rest of the distribution would fit a more random structure.
Our previous study of interphase distances between RET and H4 found the juxtaposition of at least one pair of these signals in 35% of adult thyroid cells (Nikiforova et al., 2000) . The two probes were considered juxtaposition using a cytogenetic criterion, that is, when the edges of the probes were separated by a distance less than the size of the signals. The current study employed a different approach, whereby the distances between the centers of the probes were measured using a computer algorithm. As a result, the signals that would be considered juxtaposed using the cytogenetic criterion were scored as being separated by a distance between 0.0 and 0.6 mm. Nevertheless, the present study revealed that RET was juxtaposed to either H4 or NCOA4 in 25 and 34% of cells, respectively.
It has been established that chromosomal architecture is cell type and cell cycle dependent (Cremer and Cremer, 2001 ), but the question of whether it is conserved throughout life had not been addressed, to our knowledge. This is an important question for two reasons. First, if gene proximity is indeed important for recombination, it is expected to be also present in thyroid cells from children because pediatric tumors, both radiation associated and sporadic, have a high incidence of RET/PTC (Nikiforov, 2002) . Second, since children have even higher susceptibility to radiation thyroid carcinogenesis than adults (Shore, 1992; Ron et al., 1995) , the finding of a higher frequency of proximity between RET/PTC partners in pediatric thyroid cells would explain a higher risk of radiationassociated cancer in this age group. Our results, obtained by comparison of interphase distances between three different probe pairs, demonstrate that general chromosomal architecture of the region and proximity of RET to both NCOA4 and H4 is similar in pediatric and adult thyroid cells. This observation suggests that the helical structure of the interphase chromatin in this region is probably present throughout development. However, the distances between RET and its recombinogenic partners in pediatric thyroid cells were not closer than in adults, and therefore other mechanisms must be responsible for the higher susceptibility of children to thyroid cancers after external radiation.
An increasing body of evidence suggests that gene proximity plays an important role in the mechanisms of both inter-and intrachromosomal rearrangements in cancer cells. It has been suggested that chromosomal loci prone to undergo interchromosomal exchanges may be positioned close to each other due to a nonrandom pairing of the respective chromosome territories (Cremer et al., 1996; Cornforth et al., 2002; Parada et al., 2002) . When the genes involved in rearrangements are on the same chromosome, it is reasonable to postulate that structure of the chromatin within a territory determines the positioning of the genes with respect to each other. The data presented herein not only demonstrate that RET resides close to both of it recombination partners, but also suggest that higherorder chromosome folding of this region on 10q11.2-21 serves as a mechanism for spatial proximity between these genetic loci in human thyroid cells.
Materials and methods

Tissue samples
Normal thyroid tissues from adult individuals were snap frozen immediately after surgical removal for nonmalignant thyroid disease at the University Hospital in Cincinnati. Thyroid tissues from three children, aged 9, 10 and 13 years, were obtained in a similar way from Cincinnati Children's Hospital Medical Center. The study was approved by the University of Cincinnati and Cincinnati Children's Hospital Institutional Review Boards. To prepare touch imprints, tissue fragments were thawed and imprinted on glass slides. Touch imprints were fixed either in methanol:acetic acid (3:1) or in 4% paraformaldehyde. Comparison of these two fixation procedures revealed no significant difference in the size and shape of nuclei, as detected by staining with DAPI (Supplementary Table 1 ).
DNA probes and FISH BAC and PAC clones were used as probes for FISH either directly or after subcloning. BAC clones RP11-351D16 (RET), RP11-481A12 (NCOA4), RP11-435G3 (H4), RP11-542E6 and RP11-174C24 were obtained from BAC/PAC Resources, Children's Hospital, Oakland. BAC clone RP11-481A12 containing the NCOA4 gene was subcloned into fosmid vector after cutting with restriction enzymes (Epicentre, Madison, WI, USA). A mixture of subcloned probes (SC10, SC19) containing 70 kb of the NCOA4 gene and its flanking regions was used as a probe for NCOA4. PAC clone RMC10P016, corresponding to the D10S539 locus, was provided by H-UG Weier and JW Gray. The probes were labeled by nick translation using SpectrumOrange-dUTP and SpectrumGreen-dUTP (Vysis Inc., Downers Grove, IL, USA). Hybridization was performed as previously described (Ciampi et al., 2005) .
Confocal microscopy, 3D reconstruction, distance measurement and comparison Microscopy was performed using a Leica TCS 4D confocal laser scanning fluorescence microscope with digital image capture. On average, 200 nuclei from three different donors were scanned for signals from each pair of probes. At least 30 optical sections per 3D image were captured. The digital images were reconstructed using Volocity software (Improvision Inc., Lexington, MA, USA). By navigating through the image stack, the red and green signals located in different z planes were visualized individually and pixels of maximum intensity or image gravity centers were selected. The 3D distance between the points was measured using a computer algorithm. Comparison of distances between probe pairs was performed using the two-tail Student's t-test for means and the w 2 test for proportions. The difference between two values was considered significant when P-value was less than 0.05. Cumulative frequency distributions of interphase distances between specific probe pairs were built by plotting on the X axis the value of each measurement and on the Y axis the proportions of all data points that were smaller than this measurement.
Calculation of 3D coordinates and modeling of chromosomal conformation Nonparametric determination of spatial loci distribution Given any six positive numbers such that the sum of any two pairs of numbers is greater than or equal to any single number, one can identify four points in the 3D space whose pairwise distances are equal to these six numbers. Such positions are unique up to a translation or rotation of all points around any axis. Suppose that (x i , y i , z i ) are coordinates for the ith locus in an arbitrary coordinate system, i ¼ 1, 2, 3, 4, 5. The physical distance between any two loci i and j is then
. Suppose that d ij is the observed mean distance between loci i and j. Owing to translational and rotational invariance, we arbitrarily place the first locus into the origin (i.e. x 1 ¼ y 1 ¼ z 1 ¼ 0), the second locus on the x axis (i.e. y 2 ¼ z 2 ¼ 0), and the third locus on the x-y plane (i.e. z 3 ¼ 0). Rest of the coordinates are then determined by solving six equations with six unknowns
The spatial position of the fifth locus in this particular coordinate system was determined by the least-squares fitting. That is, we identified (x 5 , y 5 , z 5 ) which minimized the leastsquares objective function
Fitting the helical space curve We assumed that 3D coordinates determining spatial position of different loci can be estimated as a function of their distance from the RET locus using the helical space curve. Given the radius of the helix r, the vertical separation of the helix's loops c, the coordinates (x i , y i , z i ) of a locus as a function of its genomic distance from RET t i are x i ¼ r cos t i ; y i ¼ r sin t i ; z i ¼ ct i . Thus, we estimated the parameters (r,c) of the helix by minimizing the leastsquares objective function ðr;ĉÞ ¼ arg min X 3 i¼1 X 4 j¼iþ1 Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðr cos t i À r cos t j Þ 2 þ ðr sin t i À r sin t j
Based on these parameter estimates, we predicted the spatial locations of all five loci as ðx i ;ŷ i ;ẑ i Þ ¼ ðr cos t i ;r sin t i ;ĉt i Þ. Finally, the correct spatial location of the fifth locus was determined by again minimizing
